Inhibitory patterns of repetitive transcranial magnetic stimulation (rTMS) were applied to pharyngeal motor cortex in order to establish its role in modulating swallowing activity and provide evidence for functionally relevant hemispheric asymmetry. Healthy volunteers underwent single pulse TMS before and for 60 min after differing intensities of 1 Hz rTMS (n = 9, 6 male, 3 female, mean age 34 ± 3 years) or theta burst stimulation (TBS) (n = 9, 6 male, 3 female, mean age 37 ± 4 years). Electromyographic responses recorded from pharynx and hand were used as a measure of cortico-motor pathway excitability. Swallowing behaviour was then examined with a reaction time protocol, before and for up to 60 min after the most effective inhibitory protocol (1 Hz) applied to each hemisphere. Interventions were conducted on separate days and compared to sham using ANOVA. Only high intensity 1 Hz rTMS consistently suppressed pharyngeal motor cortex immediately and for up to 45 min (−34 ± 7%, P ≤ 0.001). Adjacent hand and contralateral pharyngeal motor cortex showed no change in response (−15 ± 12%, P = 0.14 and 15 ± 12%, P = 0.45, respectively). When used to unilaterally disrupt each hemisphere, rTMS to pharyngeal motor cortex with the stronger responses altered normal (−12 ± 3%, P ≤ 0.001) and fast (−9 ± 4%, P ≤ 0.009) swallow times, not seen following rTMS to the contralateral cortex or after sham. Thus, suppression of pharyngeal motor cortex to rTMS is intensity and frequency dependent, which when applied to each hemisphere reveals functionally relevant asymmetry in the motor control of human swallowing.
Swallowing represents a fundamental yet effortless motor activity which, in contrast to most somatic functions, has bilateral cerebral representation. It is now well established that the sensorimotor cortex plays a role in the regulation of swallowing, acting at both volitional and reflexive levels (Miller, 1982; Martin & Sessle, 1993) . Of relevance, many non-invasive human brain imaging techniques including positron emission tomography, functional magnetic resonance imaging and magnetoencephalography have been applied to the study of swallowing (Hamdy et al. 1999a,b; Mosier et al. 1999; Zald & Pardo, 1999; Hartnick et al. 2001; Kern et al. 2001a,b; Loose et al. 2001; Mosier & Bereznaya, 2001; Suzuki et al. 2003; Furlong et al. 2004 ). Almost universally, these studies have reported varying degrees of lateralized activation in a number of brain regions, most consistently the sensorimotor cortex, insula and cerebellum. These observations are also in keeping with non-invasive transcranial magnetic stimulation (TMS) based mapping studies which demonstrate that the motor cortex representation for swallowing displays territorial asymmetry, inferring a possible functional hemispheric dominance. Despite these observations, there remains controversy about the relative hemispheric contributions controlling swallowing and specifically whether the presence of lateralization for swallowing functions truly exists. Indeed, there are no neuroanatomical data looking directly at fibre tracts for the pharyngeal musculature to determine evidence for asymmetry. The functional data that does exist are somewhat circumstantial, and rely on inference from stroke studies, where dysphagia is a common consequence of unilateral brain damage, and these patients appear to have reduced corticobulbar pathway responsitivity to TMS of the undamaged hemisphere compared to nondysphagic control patients, implying damage has occurred in a swallowing dominant hemisphere (Hamdy et al. 1997) .
Recently an exciting new approach to non-invasively probing brain function, known as repetitive TMS (rTMS), has generated much interest since it can cause immediate and lasting changes in the excitability of focal cortical areas at the site of stimulation (Pascual-Leone et al. 1994; Chen et al. 1997; Berardelli et al. 1998; Maeda et al. 2000; Siebner et al. 2000; Gerschlager et al. 2001; Modugno et al. 2001; Touge et al. 2001) . A more recent development, rTMS-induced 'virtual lesioning' , has provided a novel and relatively safe approach to temporarily and reversibly disrupt focal regions of brain both in health and disease with measurable alterations in behaviour, reminiscent of observations seen with the more invasive Wada Test (Benke et al. 2006) . Virtual lesions have been applied to the study of speech (Pascual-Leone et al. 1991) , vision , pain (Andre-Obadia et al. 2006 ) and motor physiology , but have never been applied to the study of bilaterally innervated midline musculature.
To date, the motor cortex role in the control of human swallowing remains incompletely understood. Some authors suggest that the primary motor cortex may act as an initiator of volitional swallowing (Martin & Sessle, 1993) , whereas others suggest swallowing is primarily initiated in structures such as the insula and cingulate/supplementary motor cortex (Watanabe et al. 2004) . This may imply that whilst the primary motor cortex is active during swallowing, it may play a more executive role, possibly through a balance of excitatory and inhibitory mechanisms to the brainstem. Indeed, in animals, stimulation of the cortical chewing cortex will actively inhibit reflexive swallowing responses (Lamkadem et al. 1999) . Thus, by disrupting pharyngeal motor cortex, and assessing the behavioural response, it should be possible to further elucidate the relative contribution of human motor cortex in the regulation of swallowing.
The aim of this study was to assess the effects of suppressing swallowing cortico-bulbar excitability using two inhibitory protocols: 1 Hz rTMS (Maeda et al. 2000; Muellbacher et al. 2000; Hilgetag et al. 2001 ) and the modified theta burst stimulation (TBS) protocol . We hypothesized that unilaterally inhibiting pharyngeal motor cortex would reciprocally alter excitability in the contralateral (unconditioned) hemisphere. In an additional set of experiments, we also assessed the effects of applying a 'virtual lesion' to the motor cortical regions controlling the pharyngeal musculature of both hemispheres, with the hypothesis that a virtual lesion applied to the stronger (or dominant) pharyngeal motor cortex would produce physiologically measurable effects on swallowing function not seen when applied to the contralateral weaker (or non-dominant) pharyngeal cortex.
Methods

Participants
Healthy adult volunteers (n = 13, nine male, four female, age range 24-58 years) participated in a complex series of rTMS studies. Protocol 1: 1 Hz rTMS; n = 9 (six male, three female, mean age 36 years). Protocol 2: TBS; n = 9 (six male, three female, mean age 39 years). Protocol 3: Swallowing behaviour; n = 9 (six male, three female, mean age 36 years).
All volunteers met previously established inclusion criteria (Wassermann, 1998) . Experiments were approved by a local research ethics committee and were performed in accordance with the Declaration of Helsinki. All studies were conducted in the clinical laboratory of the Gastrointestinal Physiology department at Hope Hospital.
Electromyographic (EMG) measurements
Motor evoked potentials (MEPs) to TMS were recorded from pharynx and thenar eminence of the hand. Pharyngeal MEPs (PMEPs) were recorded using a pair of bipolar ring electrodes built into a 3 mm diameter intraluminal catheter (Gaeltec, Dunvegan, Isle of Skye, IV55 8 GU, UK) passed into the oropharynx either 11-14 cm transnasally or 13-17 cm transorally according to subject preference. Thenar MEPs (TMEPs) were recorded using gel electrodes (H69P, Tyco Healthcare, Gosport, UK) placed 1 cm apart over the thenar eminence muscle contralateral to stimulated pharyngeal motor cortex.
Electrodes were connected to a preamplifier (CED 1902; Cambridge Electronic Design, Cambridge, UK) with high and low pass filter settings of 200 Hz and 2 kHz, respectively, via connecting cables. Response signals were processed through a 50/60 Hz noise eliminator ('HumBug'; Quest Scientific, North Vancouver, Canada) to remove any unwanted electrical interference and collected through a laboratory interface (CED micro 1401) at a sampling rate of 5 kHz and recorded using Signal software (v2.13, CED) running on a Pentium III PC. was performed using a hand-held figure of eight coil (mean 70 mm outer diameter) connected to a Magstim 200 (The Magstim Company, Whitland, UK) over the regions of interest on the scalp, as described by Hamdy et al. (1996) . From previous studies the optimal orientation was known to be an antero-posterior direction with the plane of the coil parallel to the scalp surface and the handle/ axis of the coil approximately 45
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• to the midsagittal line (Hamdy et al. 1996) . The optimal location of the coil was determined by the location on the scalp where magnetic stimulation produced the largest MEPs from the target muscle when the subject was relaxed (the 'motor hot-spot'). For pharynx, the motor hot-spot in each hemisphere was identified. The hemisphere evoking the largest consistent responses from pharyngeal motor cortex, at the lowest threshold was described as the stronger pharyngeal cortex. Consequently, the contralateral pharyngeal motor cortex was described as the weaker pharyngeal cortex. Resting motor threshold (rMT) was defined as the minimum stimulation intensity over the motor hot-spot required to evoke PMEPs > 20 μV in 5 out of 10 trials. Our initial analysis of the reproducibility of the MT across studies and across investigators showed that there was ≤ 20% differences for both intra-subject and inter-investigator measurements, 95% of the time (Bland & Altman, 1986) .
Electrodes were placed over the thenar muscle contralateral to stronger pharyngeal motor cortex. The motor hot-spot for evoking TMEPs was identified and rMT established. Thenar rMT was defined as the minimum stimulation intensity over the motor hot-spot required to evoke TMEPs > 50 μV in 5 out of 10 trials. The peak-to-peak amplitude of MEPs evoked by magnetic stimulation was used to probe the excitability of the motor cortex. Active motor threshold (aMT) was defined as the minimum stimulation intensity over the motor hot-spot required to evoke TMEPs > 200 μV in more than 5 out of 10 trials while the subject was maintaining a voluntary contraction.
Repetitive transcranial magnetic stimulation (rTMS)
RTMS (biphasic) of the cerebral cortex was performed using a Magstim Super Rapid stimulator (The Magstim Company) connected to a figure of eight coil with a 70 mm outer diameter (maximal output of 1.8 tesla), held in an identical orientation to single pulse TMS. Three protocols were tested:
RTMS at 1 Hz was delivered for 10 min (over the stronger (and weaker) pharyngeal motor cortex -see below for reaction time tasks) at 80% (active LOW ) and 120% (active HIGH ) of pharyngeal rMT (on separate days) in two blocks of 300 pulses (5 min each) with a 30 s intertrain interval (600 pulses in total). A Windows 98 laptop running Session 32 software (The Magstim Company) was used to control the rTMS unit.
TBS was performed using the continuous TBS pattern as described by Huang et al. (2005) . Briefly, this consisted of three pulses of stimulation delivered at 50 Hz, repeated every 200 ms for a total of 40 s (600 pulses in total) and was generated using Signal software (v2.13, CED). The stimulus intensity was set (for safety reasons) to 80% of aMT of hand and also delivered over the stronger pharyngeal motor cortex.
Sham stimulations were performed over the pharyngeal motor cortex, with the coil tilted on its side, 90
• to the scalp.
Swallowing reaction times
Normal and fast swallowing times were recorded using a second 2 mm diameter catheter with a built in pressure transducer (Gaeltec) to measure swallowing behaviour. Subjects were given 3 ml boluses of mineral water to swallow, delivered directly into the mouth via a plastic catheter connected to a hand held syringe. For normal swallows, subjects were told to perform the swallows at their own pace and as fast as possible for the fast swallows. Following a cue to swallow, the transducer (positioned in the pharynx) would indicate the onset of a pressure wave within the pharynx, set to a predetermined threshold. This catheter was also connected to the Pentium III PC running Signal software (v2.13, CED), via the preamplifier (CED 1902) and laboratory interface (CED micro 1401). Each task was performed 30 times and an electrical trigger was used to cue each swallow. This was achieved through Ag-AgCl cup electrodes, 2 cm apart, applied to the dorsum of the volunteers' hand. Electrodes were connected to an electronic pulse generator (Digitimer, Welwyn Garden City, UK) set to trigger at 10 s intervals for measurements of normal and fast swallows (Fig. 1) , and then at random for challenged swallows (see below). The time taken from receiving the electrical cue to the onset of the pharyngeal swallow provided the swallow reaction time. In preliminary studies to establish the feasibility of this method in studying swallowing function, over 20 subjects (10 male and 10 female) were investigated, and the results demonstrated that this approach appeared both reliable and well tolerated.
In addition to measuring normal and fast swallowing times, a challenged swallow task was also created and assessed (Fig. 1 ). For this, volunteers were asked to swallow post-cue within a 150 ms target time window as indicated by cursors placed on a computer screen, using visual feedback (Signal). This was also performed 30 times. From observations in the above mentioned initial pilot study, a 150 ms window was established and chosen as a period which consistently challenged the subject to achieve an average of 30-50% success rate. The 150 ms target time J Physiol 585.2 window was calculated based on the following formula (B + (T/2)) ± 75 ms where A is the mean normal swallow reaction time, B is the mean fast swallow reaction time and T is the time difference between normal and fast swallow reaction time averages (A − B). For example: if A = 1500 ms and B = 1000 ms, then Target window = 1000 + [(1500 − 1000)/2] ± 75 = 1175 to 1325 ms.
Experimental procedures
Protocols 1 and 2: Effects of rTMS intervention on swallowing motor cortex excitability. To elucidate the neurophysiological effects of inhibitory rTMS protocols on pharyngeal motor cortex excitability, volunteers attended on at least two occasions with studies performed a week apart in a double blind, pseudo-randomised order incorporating both active and sham components.
Pharyngeal (stronger and weaker hemispheric responses) and thenar motor hot-spots, rMT and aMT were identified using TMS at the start of each study as described earlier. Baseline measurements of cortical excitability were made using single pulse TMS stimuli delivered at rMT and rMT + 10% (stimulator output) at each of the three sites (stronger and weaker pharyngeal motor cortices and hand motor cortex), with a 5 s interval between each stimulus (60 stimuli in total). Following baseline measurements of cortical excitability, volunteers received one of five rTMS interventions delivered over the stronger pharyngeal motor hot-spot: (i) 1 Hz rTMS active LOW , (ii) 1 Hz rTMS active HIGH , (iii) sham 1 Hz rTMS, (iv) active cTBS, or (v) sham cTBS.
Once completed, cortical excitability measurements (identical to baseline), were taken immediately after and every 15 min post-intervention for 1 hour. These times were chosen on the basis of previous studies which have demonstrated that rTMS of both the pharyngeal motor cortex and hand motor cortex can alter cortical excitability for at least 1 hour (Gow et al. 2004; Huang et al. 2005) . Protocol 3: Effects of rTMS on swallowing behaviour.
In order to assess whether inhibition of motor cortex excitability has modulatory effects on swallowing, a further series of rTMS studies were performed, using the protocol shown in protocols 1 and 2 which induced the greatest degree of cortical inhibition (1 Hz rTMS active HIGH ). Volunteers attended on three occasions with studies performed a week apart in a double blind, pseudo-randomised order incorporating both active and sham components. Pharyngeal (stronger and weaker hemispheric responses) motor hot-spots and rMT were identified using TMS at the start of each study as described earlier. Baseline swallowing reaction time tasks were then performed. Volunteers were asked to perform three different swallow tasks: normal, fast and challenged swallowing. Each swallowing task was performed 30 times and volunteers were given 3 ml of mineral water to swallow prior to each cue. Normal and fast swallows were performed first and allowed online calculation of the 150 ms challenge swallow target time window as described earlier. Challenge swallows were conducted last and performance was scored based on the number of swallows initiated within the target time window. After recording baseline swallowing data, volunteers received each of three rTMS 'virtual lesion' interventions: (i) active rTMS to pharyngeal motor cortex with the stronger responses, (ii) Active rTMS to contralateral pharyngeal motor cortex with the weaker responses, and (iii) sham rTMS.
Following the intervention, measurements of swallowing behaviour (identical to baseline) were repeated immediately after, at 30 and 60 min post-rTMS.
Data analysis
MEP and behavioural data were analysed separately using repeated measures ANOVA. MEP data. The peak-to-peak amplitude of MEPs evoked by magnetic stimulation was used as a measure of motor cortex excitability. Baseline MEP data for all interventions were compared using a Mann-Whitney test. The mean (raw) amplitude and latency values were separately analysed using a repeated measures ANOVA (SPSS 14.0) with time (six levels: baseline, 0, 15, 30, 45 and 60 min post-rTMS) and intervention (5 levels: 1 Hz active HIGH , 1 Hz active LOW , TBS, 1 Hz sham, TBS sham) as within-subject factors.
Swallowing behaviour data. The mean (raw) values of normal and fast swallowing times were analysed for each time interval pre-and post-rTMS for each subject. For challenged swallows, the percentage number of correctly timed swallows was calculated for each subject. Motor threshold and baseline behavioural data were analysed with Wilcoxon's signed rank test. Swallowing times and challenged swallow results were then analysed separately for each rTMS intervention (active stronger responses, active weaker responses and sham) using a repeated measures ANOVA (SPSS 14.0) with time (four levels: baseline, 0, 30 and 60 min post-rTMS) and stimulation site (three levels: strong pharyngeal response, weak pharyngeal response and thenar) as within-subject factors.
Non-sphericity was corrected using GreenhouseGeisser when necessary. When a significant interaction was present, separate ANOVAs with time as a within-subject factor were performed to characterize time-dependent changes in performance. Post hoc paired-sample t tests were then performed to explore the strength of main effects and the patterns of interaction between experimental factors. A P-value of ≤ 0.05 was used to indicate statistical significance. All data are presented as group means ± standard errors of the mean (s.e.m.) unless stated otherwise.
Results
Both TMS and rTMS were well tolerated by all subjects with no reported adverse effects. Of the 13 subjects recruited, eight were judged to have stronger responses from pharyngeal motor cortex in the right hemisphere and five in the left hemisphere. In one subject, the rTMS threshold was too high to safely and reliably induce inhibition and therefore removed from any further analysis. The mean mediolateral and anteroposterior scalp positions (referenced to the vertex) where rTMS was applied to pharyngeal motor cortex of each hemisphere were approximately 2.5-4 cm.
During Protocols 1 and 2, the mean (± s.e.m.) rMT to evoke responses from the stronger and weaker pharyngeal motor cortices and ipsilateral hand motor cortex were 74 ± 1%, 78 ± 1% and 47 ± 2%, respectively. The mean intensity of cortical stimulation for the 1 Hz rTMS (active LOW /active HIGH ) and TBS interventions were 67 ± 5%, 82 ± 5% and 45 ± 2%, respectively.
During Protocol 3, the mean (± s.e.m.) rMT to evoke the stronger pharyngeal motor responses in the three studies (rTMS to strong/weak hemispheres and sham) were 62 ± 2, 65 ± 3 and 68 ± 3% of stimulator output, respectively. The mean (± s.e.m.) rMT to evoke the weaker pharyngeal motor responses in the three studies were 70 ± 2, 78 ± 3 and 74 ± 3% of stimulator output, respectively.
As expected, rMT for the pharyngeal motor cortex with the weaker responses was higher than for the stronger responses, P ≤ 0.001 (two sided Wilcoxon's signed ranks test).
Effects of rTMS intervention on pharyngeal motor cortex excitability (hemisphere with the stronger responses alone)
Amplitude. Mean changes in amplitude from baseline following both active and sham arms of the 1 Hz rTMS interventions and TBS interventions are shown in Fig. 2A and B, respectively. Mann-Whitney tests comparing absolute baseline values for each of the conditions did not reveal any significant differences. Repeated measures ANOVA comparing the effects of the different interventions on PMEP amplitudes revealed a significant effect of intervention (F 3,44 = 3.5, P = 0.028), time (F 3,52 = 4.7; P = 0.006) and time × intervention (F 20,340 = 2.5; P ≤ 0.001). Separate follow-up ANOVAs with time as a within-subject factor were performed to characterize time-dependent changes in PMEP amplitude and revealed that responses were decreased from baseline only following active HIGH 1 Hz rTMS (F 5,102 = 6.6; P ≤ 0.001). Post hoc t tests performed at each time point, revealed that PMEPs were inhibited immediately and for up to 45 min post-rTMS (maximum = −34 ± 7%, P ≤ 0.001). There were no significant rTMS associated changes following active LOW 1 Hz rTMS, 1 Hz sham, or following either active or sham TBS and were therefore not considered for any further analysis.
Latency. Mean response latencies at baseline and each time point for pharyngeal motor cortex following 1 Hz rTMS and TBS are shown in Table 1 . A repeated measures ANOVA comparing the effects of the different interventions on PMEP latencies revealed a significant time effect (F 5,85 = 8.4, P ≤ 0.001) with a small but consistent lengthening of latency. There was no effect of intervention ( Active HIGH 1 Hz Pharynx -strong 8.8 ± 0.1 9.4 ± 0.1 9.4 ± 0.1 9.1 ± 0.1 9.3 ± 0.2 9.2 ± 0.2 Pharynx -weak 9.0 ± 0.1 9.3 ± 0.2 9.3 ± 0.2 9.0 ± 0.1 9.2 ± 0.1 9.2 ± 0.2 Hand 22.3 ± 0.3 22.1 ± 0.3 22.5 ± 0.3 22.7 ± 0.4 22.6 ± 0.5 22.7 ± 0.4
Active LOW 1 Hz Pharynx -strong 9.4 ± 0.2 9.7 ± 0.2 9.8 ± 0.3 9.8 ± 0.2 10.0 ± 0.2 9.7 ± 0.2 Pharynx -weak 10.0 ± 0.2 10.0 ± 0.2 9.7 ± 0.2 9.9 ± 0.2 9.7 ± 0.2 9.7 ± 0.2 Hand 22.4 ± 0.6 22.2 ± 0.4 22.7 ± 0.6 22.9 ± 0.6 23.1 ± 0.6 22.8 ± 0.7
Sham 1 Hz Pharynx -strong 9.0 ± 0.2 9.0 ± 0.2 9.0 ± 0.2 9.1 ± 0.2 9.2 ± 0.2 9.1 ± 0.2 Pharynx -weak 9.1 ± 0.1 8.9 ± 0.1 9.2 ± 0.1 9.1 ± 0.1 9.3 ± 0.1 9.2 ± 0.2 Hand 22.6 ± 0.4 22.9 ± 0.4 22.7 ± 0.4 23.0 ± 0.5 23.1 ± 0.4 23.2 ± 0.4
Active TBS Pharynx -strong 8.8 ± 0.2 9.1 ± 0.2 9.0 ± 0.2 9.1 ± 0.2 9.3 ± 0.2 9.2 ± 0.2 Pharynx -weak 8.9 ± 0.2 8.9 ± 0.2 9.0 ± 0.2 9.1 ± 0.2 9.2 ± 0.3 9.3 ± 0.2 Hand 22.3 ± 0.3 22.2 ± 0.3 22.7 ± 0.4 22.6 ± 0.5 23.1 ± 0.3 22.7 ± 0.4
Sham TBS Pharynx -strong 8.9 ± 0.2 9.0 ± 0.1 9.1 ± 0.2 8.8. ± 0.1 9.2 ± 0.2 9.0 ± 0.2 Pharynx -weak 9.1 ± 0.2 9.0 ± 0.2 9.1 ± 0.2 9.0 ± 0.2 9.0 ± 0.2 9.0 ± 0.2 Hand 22.7 ± 0.4 22.9 ± 0.3 22.7 ± 0.4 22.9 ± 0.4 22.9 ± 0.4 22.6 ± 0.4
Cortico-pharyngeal and thenar latencies for each site, across each time point before and after both 1 Hz rTMS and TBS. Data (ms) are presented as mean ± S.E.M. response latencies (active HIGH 1 Hz F 5,102 = 2.2, P = 0.06; active LOW 1 Hz F 5,102 = 0.6, P = 0.7; TBS F 5,102 = 0.5, P = 0.8; 1 Hz Sham F 5,102 = 0.2, P = 0.97; TBS Sham F 5,102 = 0.76, P = 0.6).
Effects of active HIGH 1 Hz rTMS on pharyngeal motor cortex excitability (comparing hemispheres with stronger and weaker responses)
Having demonstrated that high intensity 1 Hz rTMS had an effect upon PMEPs evoked from the hemisphere with the stronger pharyngeal responses, this was further examined in the (unstimulated) hemisphere with the weaker responses. spheres revealed a significant effect of time (F 3,44 = 4.3; P = 0.013) and a time × hemisphere interaction (F 5,85 = 6.4; P ≤ 0.001) thus demonstrating a clear difference in excitability between the two hemispheres after rTMS. There was no effect of hemisphere alone (F 1,17 = 2.2, P = 0.155). As before, separate follow-up ANOVAs with time as a within-subject factor were performed to characterize any time-dependent changes in PMEP amplitude, and revealed that responses were decreased from baseline in the stimulated hemisphere with the stronger pharyngeal motor cortical output (F 5,102 = 6.6; P ≤ 0.001). Post hoc t tests performed at each time point revealed that PMEPs were inhibited in this hemisphere immediately and for up to 45 min post-rTMS (maximum = −34 ± 7%, P ≤ 0.001). There were no significant rTMS associated changes in the contralateral hemisphere with the weaker pharyngeal motor cortical output.
Latency. Mean latencies at baseline and each time point for the pharyngeal motor cortices following 1 Hz rTMS and TBS are shown in interventions on bihemispheric PMEP latencies revealed a significant time effect (F 5,85 = 2.9, P = 0.019) with a small but consistent lengthening of latency. There was no effect of intervention (F 1,24 = 0.15, P = 0.8) or time × intervention (F 20,340 = 1.4, P = 0.1). Separate follow-up ANOVAs however, did not reveal any significant effects on response latencies (active HIGH 1 Hz F 5,102 = 0.6, P = 0.7; active LOW 1 Hz F 5,102 = 0.4, P = 0.8; TBS F 5,102 = 0.4, P = 0.8; 1 Hz Sham F 5,102 = 0.9, P = 0.5; TBS Sham F 5,102 = 0.2, P = 0.98).
Effects of active HIGH 1 Hz rTMS on pharyngeal versus hand motor cortex excitability
Amplitude. MEP traces from a representative individual before and after active and sham 1 Hz rTMS are shown in Fig. 3 . Mean (%) changes in TMEP amplitude from baseline following active HIGH 1 Hz rTMS to pharyngeal motor cortex and corresponding hand motor cortex are shown in Fig. 4 . A repeated measures ANOVA to assess the effects of 1 Hz rTMS over the pharyngeal area on hand motor cortex excitability revealed a significant effect of site (F 1,17 = 23.3, P ≤ 0.001) on cortical excitability but no effect of time (F 3,47 = 1.8, P = 0.2) or time × site interactions (F 3,48 = 1.0, P = 0.4). As before, separate follow-up ANOVAs with time as a within-subject factor were performed to characterize any time-dependent changes in PMEP amplitude, revealed that responses were decreased following active HIGH 1 Hz rTMS (F 5,102 = 6.6; P ≤ 0.001). There were no significant rTMS associated changes in the hand motor cortex.
Latency. Mean response latencies at baseline and each time point for hand motor cortex following 1 Hz rTMS and TBS are shown in Table 1 . A repeated measures ANOVA comparing the effects of the different interventions on TMEP latencies revealed a significant time effect (F 3,49 = 5.04, P = 0.004) with a small but consistent lengthening of latency. There was no effect of intervention (F 1,23 = 0.62, P = 0.5) or time × intervention (F 20,340 = 1.1, P = 0.3). Separate follow-up ANOVAs however, did not reveal any significant effects on response latencies (active HIGH 1 Hz F 5,102 = 0.47, P = 0.8; active LOW 1 Hz F 5,102 = 0.8, P = 0.6; TBS F 5,102 = 0.7, P = 0.6; 1 Hz Sham F 5,102 = 0.3, P = 0.9; TBS Sham F 5,102 = 0.2, P = 0.95).
Effects of a 1 Hz virtual lesion on swallowing behaviour
Having identified that 1 Hz active HIGH rTMS generated the greatest suppression of swallowing corticomotor excitability, these effects were further investigated. Swallowing reaction times were used to assess swallowing and were recorded through a second 2 mm diameter catheter with a built in pressure transducer. Subjects were given 3 ml boluses of mineral water to swallow, and cued to swallows using a cutaneous electrical pulse, set to trigger at 10 s intervals for measurements of normal and fast swallows, and then at random for challenged swallows.
Normal swallowing reaction time
Group mean changes in normal swallowing reaction times after 1 Hz rTMS over the stronger and weaker pharyngeal motor cortices and after sham are shown in Table 2A , and displayed as percentage change from baseline in Fig. 5 . At baseline there was no difference in normal swallow timings across the three rTMS study visits (pharynxstrong versus sham P = 0.95, pharynx -weak versus sham P = 0.2, strong versus weak hemispheres P = 0.2, two sided Wilcoxon's signed ranks test), with an overall mean (± s.e.m.) of 1279 ± 40 ms. However, repeated measures ANOVA revealed a significant intervention (F 2,46 = 3.2, P = 0.049), time (F 3,69 = 4.2, P = 0.008) and time × intervention (F 3,80 = 2.5, P = 0.05) effect indicating a strong effect of intervention on normal swallowing behaviour. Challenge swallows Pharynx -strong 11 ± 2 1 2 ± 2 1 2 ± 2 1 1 ± 2 Pharynx -weak 11 ± 2 1 2 ± 2 1 1 ± 2 1 0 ± 2 Sham 13 ± 2 1 6 ± 2 1 6 ± 2 1 5 ± 1 A, group mean normal and fast swallowing reaction times for each time point before and after active and sham 1 Hz rTMS interventions. B, group mean number of correctly timed challenge swallows (out of 30) for each time point before and after active and sham 1 Hz rTMS interventions. All data are presented as mean ± S.E.M. (ms/number of correctly timed swallows).
As before, separate follow-up ANOVAs with time as a within-subject factor were performed to characterize any time-dependent changes in normal swallowing and revealed that times were dramatically reduced following only active rTMS to the stronger pharyngeal motor cortex (F 3,69 = 6.4; P ≤ 0.001). Post hoc t tests performed at each time point, revealed that reaction times quickened immediately and for up to 60 min post-rTMS (maximum = −12 ± 3%, P ≤ 0.001). There were no significant effects of rTMS to the weaker pharyngeal motor cortex or after sham. 
Fast swallowing reaction time
Group mean changes in fast swallowing reaction times after 1 Hz rTMS over stronger and weaker pharyngeal motor cortices and after sham are shown in Table 2A , with percentage change from baseline shown in Fig. 6 . At baseline there was no difference in fast swallow timings across the three rTMS study visits (pharynx -strong versus sham P = 0.6, pharynx -weak versus sham P = 0.2, strong versus weak hemispheres P = 0.1, two sided Wilcoxon's signed ranks test), with an overall mean (± s.e.m.) of 1041 ± 30 ms. Repeated measures ANOVA revealed a significant intervention effect (F 2,46 = 4.7, P = 0.013) and time × intervention (F 3,76 = 4.5, P = 0.005) interaction thereby indicating a clear effect of intervention on fast swallowing behaviour but no effect of time alone (F 3,69 = 1.4, P = 0.24). Separate follow-up ANOVAs with time as a within-subject factor were performed to characterize any time-dependent changes in fast swallowing and revealed that fast swallows were also only reduced following active rTMS to the stronger pharyngeal motor cortex (F 3,69 = 4.7, P = 0.005). Post hoc t tests performed at each time point revealed that reaction times quickened immediately and for up to 60 min post-rTMS (maximum = −9 ± 4%, P = 0.009). There were no significant changes following rTMS to the weaker pharyngeal motor cortex or after sham.
Challenged swallow performance
Group mean changes in the number of correctly timed challenge swallows after 1 Hz rTMS to stronger and weaker pharyngeal motor cortices and after sham are shown in Table 2B , with percentage change from baseline shown in Fig. 7 . At baseline there was no difference in the number of correctly timed challenge swallows across the three rTMS study visits (pharynx -strong versus sham P = 0.1, pharynx -weak versus sham P = 0.3, strong versus weak hemispheres P = 0.8, two sided Wilcoxon's signed ranks test), with an overall mean (± s.e.m.) of 12 ± 1. Repeated measures ANOVA revealed a significant effect of time (F 2,44 = 3.1, P = 0.05) but no effect of intervention (F 1,34 = 0.89, P = 0.4) or time × intervention (F 3,80 = 1.16, P = 0.3). Separate follow-up ANOVAs with time as a within-subject factor were performed to characterize any time-dependent changes in challenge swallowing and revealed a strong trend to significance with sham only (F 3,66 = 2.53, P = 0.065). Post hoc t tests performed on the sham data at each time point revealed a rise in successful trials at 60 min (69 ± 38%, P = 0.04).
Discussion
The results of these experiments demonstrate it is possible to suppress healthy human pharyngeal motor cortex using appropriate patterns and intensities of rTMS. Of the protocols tested, only active HIGH 1 Hz rTMS successfully reduced cortico-bulbar pathway excitability, an effect not consistently seen with active LOW 1 Hz or with TBS rTMS. In contrast, the reduction in excitability was not associated with a significant alteration in excitability of the contralateral pharyngeal motor cortex or ipsilateral hand motor cortex. Moreover, our data also show that the areas of motor cortex controlling pharyngeal musculature modulate human swallowing behaviour in a functionally asymmetric manner. Specifically, cortical suppression of the stronger pharyngeal motor cortex (as defined by MEP responses to single pulse TMS) could induce clear changes in swallowing physiology, as measured by a swallowing reaction time protocol, which was not evident when rTMS was applied to the contralateral weaker pharyngeal cortex. These observations are likely to have a neurophysiological basis and therefore merit further discussion.
Intensity and pattern of rTMS
It is interesting to observe that despite delivering the same number of pulses, active LOW 1 Hz rTMS and TBS were ineffective at inducing inhibition in the pharyngeal motor cortex. The most obvious explanation for this relates to the stimulation intensities applied during these interventions. For safety reasons, rTMS applied using the TBS protocol was limited to 80% (aMT) of hand motor cortex (Huang & Rothwell, 2004; Huang et al. 2005) . Importantly, the rMT of pharyngeal motor cortex is inherently higher than that found within hand muscles. Thus, the average intensity at which TBS was applied (45 ± 2%) was considerably lower and likely to be too weak to generate the inhibitory effects, as demonstrated following active HIGH 1 Hz rTMS, which was applied at intensities more closely related to pharyngeal rMT (82 ± 5%). Of relevance, a recent report by Martin et al. (2006) on the effects of TBS on a distal and proximal arm muscle, demonstrated that the two motor cortices targeted during TBS responded differently despite similar parameters of stimulation. Since TBS preferentially reduces the amplitude of corticospinal I1 waves (Di Lazzaro et al. 2005) , the authors suggest that for proximal muscles, the circuitry between the I1 input and the corticospinal neurone may be less susceptible to the type of inhibition produced by TBS and may also be true for the pharyngeal motor cortex. Moreover, despite the higher intensity of the active LOW 1 Hz rTMS compared to TBS, this also failed to produce any consistent inhibition, an observation consistent with other reports on the effects low intensity, low frequency rTMS in somatic muscles (Fitzgerald et al. 2002) .
Also of interest, we noted a small albeit consistent lengthening of MEP latencies (0.6 ms) over time following rTMS. However, separate follow-up analysis of the data did not reveal any significant interventional effects implying that the MEPs elicited by TMS may have resulted through recruitment of neurones with slower conduction velocities. This finding, however, is entirely consistent with the effects on excitatory post-synaptic potentials from an inhibited cortex, with dampened temporal summation for cortical neurons and interneuronal firing. Indeed, the reverse effect, a shortening of MEP latency to increased temporal summation is commonly observed after excitatory cortical stimulation (Pascual-Leone et al. 1994) . Of relevance, response latencies are also observed to be dramatically prolonged after stroke lesions, where both cortical (Brouwer & Schryburt-Brown, 2006) and spinal cord (Valero-Cabre et al. 2001 ) excitability is greatly inhibited. It would also seem highly unlikely that any inhibition was occurring in downstream structures such as the brainstem, peripheral motoneurones, or the muscle itself, since such an effect would have likely caused inhibition of pathways from each hemisphere, rather than being specific to the hemisphere evoking stronger pharyngeal responses as seen in our study. Nonetheless, in the absence of peripheral nerve recordings in our study, lower level circuitry inhibition remains a possible albeit unlikely scenario.
Evidence for transcallosal interactions in a bilaterally represented motor system
While active HIGH 1 Hz rTMS clearly decreased excitability of the stimulated pharyngeal motor cortex, the excitability of the homologous contralateral region was not strongly influenced, showing only a small, non-significant increase in excitability. This finding raises an interesting question regarding the hemispheric control of the pharynx: is transcallosal inhibition of less importance in a bilaterally represented hemispheric control system than in a unilaterally controlled system?
Although not tested in this study, previous work using bilateral single pulse TMS to pharyngeal motor cortex (of both hemispheres) has demonstrated that when the two hemispheres are stimulated sequentially at inter-stimulus intervals of 5-10 ms, no convincing inhibition can be demonstrated (Hamdy et al. 1998) . This is in contrast to the effects seen in hand muscles, where sequential magnetic stimuli to hand motor cortex of each hemisphere, at inter-stimulus intervals of 5-30 ms, inhibit motor responses, possibly via transcallosal inhibitory interactions that may exist to ensure unilateral movement (Ferbert et al. 1992) . These data imply that the inter-hemispheric interactions for midline structures, such as the pharynx and oesophagus, which have bilateral cortical representation, might differ from those which have predominantly unilateral representation. Thus, following inhibition of one hemisphere, changes in the contralateral hemisphere may not have been induced because transcallosal interactions between the two pharyngeal areas are not strongly competitive, and indeed are most likely synergistic. Of relevance, 15 min of suprathreshold 1 Hz rTMS over hand motor cortex has been demonstrated to decrease excitability and cerebral blood flow (Fox et al. 1997) in the contralateral (unstimulated) homologous region controlling the first dorsal interosseous muscle. The reverse effect, an increase in the excitability of the contralateral homologous hand motor cortex, has also been reported after 30 min of suprathreshold stimulation (Schambra et al. 2003) , implying that the modulation of inter-hemispheric fibre activity can be bi-directional. Indeed, as with the ipsilateral inhibitory effects of rTMS, any effects on the contralateral non-stimulated side may also be stimulus intensity dependent with higher intensities more likely to influence excitability transcallosally.
Cortical suppression and its effects on swallowing behaviour
With regards to the behavioural components of our study, 10 min of rTMS to the hemisphere evoking stronger pharyngeal responses resulted in a significant change in swallowing behaviour, observed as a reduction in the response time to evoke a cued swallow, not seen when applied to the hemisphere evoking weaker responses. This differential effect between the two hemispheres provides supportive evidence for functionally relevant asymmetry of motor cortical control for swallowing, which until now had been based on ambiguous interpretation of map hemispheric differences with functional brain imaging. Our data thus give further credence to the notion that hemispheric dominance and non-dominance exists in the control of human swallowing, and sheds light on the role of the motor cortex in regulating swallowing.
Indeed the 'speeding up' of the swallow responses seen in our study to motor cortex suppression is reminiscent of the results of a study by Parker et al. (2004) who assessed swallowing using the timed water swallow test in stroke patients. They observed that dysphagic stroke patients with both motor disability and poor awareness of J Physiol 585.2 their dysphagia performed swallowing in a less controlled manner, drinking water faster and in larger volumes than those with better awareness. It is therefore conceivable that the shortened swallow timings in our study represent a maladaptive behavioural response, resulting in poorer overall control of the bolus, with higher potential risk of aspiration. If disruption of the sensorimotor cortex is directly linked to quicker, albeit less controlled, swallowing, then this could be interpreted as indicating that pharyngeal motor cortex has significant inhibitory input to the brainstem, and after damage to this region, there is a lack of inhibitory control, resulting in disordered swallowing. Moreover, given that other cortical regions which are thought to initiate swallowing (e.g. insula, cingulated cortex and supplementary motor area) were not directly suppressed by our protocol, it could be speculated that when motor cortex is disengaged from the cortical swallowing network, the behavioural manifestation in healthy subjects is not a delayed swallow but a faster one. However, in the absence of a more detailed evaluation of the differing phases of swallowing, obtainable for example using videofluoroscopy, albeit with the associated problems of radiation exposure, this suggestion must remain speculative.
As anticipated, challenged swallowing performance showed a trend to a greater general improvement over the course of the study following sham rTMS compared to real rTMS of either hemisphere. Intriguingly, however, active stimulation of both pharyngeal motor cortices appeared to have a lesser effect on improving performance. Given the more complex nature of the challenged swallow task, it is possible that, in contrast to the initiation of swallowing, both hemispheres may be recruited to execute the task, such that disruption of either motor cortex is enough to affect performance. Indeed, Daniels et al. (2006) using a dual task protocol suggested differing roles between the two hemispheres in the mediation of swallowing and that specific components of swallowing may be preferentially mediated by the left versus the right hemisphere. Specifically both right and left hand finger tapping tasks altered both volume per swallow and number of swallows to straw drinking over a 10 s period. This suggests that certain components of swallowing may have more equally distributed hemispheric control mechanisms or rely on bilateral inputs such that interference to either hemisphere can produce behavioural changes. The challenged swallow task may therefore be such a function that requires more bi-hemispheric swallowing inputs.
In conclusion, the inhibition of human pharyngeal motor cortex using rTMS is intensity dependent and optimally achieved using a high intensity 1 Hz protocol. These effects on excitability lasted for at least 45 min and were localized to the stimulated pharyngeal motor cortex, with little evidence for transcallosal interactions. Our data also provide strong evidence that the motor cortex projections to human pharyngeal musculature show functionally relevant asymmetry that correlates with the already recognized anatomical asymmetry seen with brain imaging. Moreover, our data imply that the motor cortex may have a significant inhibitory role in regulating swallowing behaviour at the level of the brainstem and supports the notion that unilateral brain injury disrupts swallowing because of its lateralized properties. However, this lateralization is likely to have degrees of swallow task specificity, with certain components being more bilaterally organized.
